Background {#Sec1}
==========

Ankylosing spondylitis (AS) is a multifactorial autoimmune disease leading to new bone formation and ankylosis of affected joints. The susceptibility to develop AS is influenced by genetic factors. The strongest association with AS has been found for the *HLA-B27* allele \[[@CR1]\]. Recent genome-wide association studies (GWAS) have identified the single nucleotide polymorphisms (SNPs) rs10440635, rs9283753, rs16869602, rs12186979, and rs13354346 in the prostaglandin receptor EP4 gene *PTGER4* as risk alleles for AS \[[@CR2]--[@CR4]\]. Moreover, another risk allele for AS has been found in a gene involved in prostaglandin synthesis, providing strong evidence for a pathogenic role of prostaglandin E~2~ (PGE~2~) and its receptor EP4 in AS \[[@CR5]\]. So far, the functional basis for this genetic association remains unknown.

Th17 cells are believed to be involved in the pathogenesis of AS and anti-IL-17A-specific antibodies have been recently established as an effective treatment \[[@CR6]--[@CR8]\]. Other therapies targeting Th17 cells in AS, including Janus kinase inhibitors, are currently under investigation \[[@CR9], [@CR10]\]. The frequency of Th17 cells and the serum concentrations of the Th17-related cytokines interleukin-17 (IL-17) and interleukin-23 (IL-23) are significantly elevated in the peripheral blood of AS patients \[[@CR11]--[@CR15]\]. Interestingly, the amount of Th17 cells is higher in male patients compared to female patients and increases during anti-tumor necrosis factor α (TNFα) therapy, probably due to redistribution of Th17 cells from inflamed joints \[[@CR16], [@CR17]\]. In contrast to patients with AS, the percentage of circulating Th17 cells is significantly reduced in patients with early non-radiographic axial spondyloarthritis and negatively correlates with disease activity \[[@CR18]\].

The implication of Th17 cells in AS pathogenesis is further supported by the observation that Th17 cells show a disease-specific miRNA signature, including the expression of the Th17 cell regulator miR-10b-5p \[[@CR19]\]. Furthermore, it has been reported that the genetic variants K528R and Q730E in *ERAP1* determine the strength of Th17 cell responses in AS \[[@CR20]\]. It remains unknown which mechanisms trigger Th17 cell accumulation in AS. PGE~2~ can induce Th17 cells through EP2 and EP4 receptor signaling \[[@CR21]--[@CR26]\]. It has been recently shown that EP2 and EP4 signaling is critical in Th17-mediated autoimmune inflammation of the skin \[[@CR25]\]. So far, the specific role of PGE~2~ in AS remains unknown. Since several genetic variants in the EP4 gene are associated with AS susceptibility, the aim of this study was to explore a possible link between EP4 and disease activity in patients with AS.

Methods {#Sec2}
=======

Study subjects {#Sec3}
--------------

All patients with AS fulfilled the modified New York AS criteria \[[@CR27]\]. Patients with RA fulfilled the 2010 ACR/EULAR classification criteria \[[@CR28]\]. All patients were untreated for at least 8 weeks prior to inclusion in the study. Blood samples from age- and sex-matched healthy individuals were used as controls. Blood was drawn after written informed consent was obtained in accordance with the Declaration of Helsinki following a study protocol approved by the Ethics Committee of the University of Cologne \[[@CR29]\].

Human T cell isolation {#Sec4}
----------------------

Primary human lymphocytes were isolated from peripheral blood from patients with AS, RA, PsA, and SLE and healthy controls by Pancoll® density gradient centrifugation (PAN™-Biotech GmbH, Aidenbach, Germany). CD4^+^ T cells were purified by negative selection using the CD4^+^ T cell isolation kit. Where indicated, CD45RA^+^RO^−^ naïve CD4^+^ T cells were magnetically sorted using CD45RA MicroBeads and the autoMACS pro device (all Miltenyi Biotec, Bergisch Gladbach, Germany). The purity of the sorted cell populations was verified by flow cytometry and was at least 96%. Viable cells were counted using the Vi-CELL XR cell counter (Beckman Coulter, Krefeld, Germany) or the automated cell counter CellCountess (Life Technologies GmbH, Darmstadt, Germany).

Th17 polarization {#Sec5}
-----------------

Where indicated, CD45RA^+^RO^−^ naïve CD4^+^ T cells were cultured in X-Vivo 15 (Lonza, Cologne, Germany) media supplemented with 1% human serum and 1% penicillin-streptomycin (both Sigma-Aldrich, Saint Louis, USA). Cells were cultured for 4 days with the T cell Activation/Expansion Kit (Miltenyi Biotec) and recombinant human TGF-β (5 ng/μl; PAN™-Biotech GmbH, Aidenbach, Germany), IL-1β (12.5 ng/μl), IL-6 (25 ng/μl; both Miltenyi Biotec), and IL-23 (25 ng/μl; PeproTech, Rocky Hill, USA). Medium and cytokines were refreshed after 3 days.

T cell subset induction {#Sec6}
-----------------------

Where indicated, CD4^+^ T cells were cultured in X-Vivo 15 (Lonza, Cologne, Germany) media supplemented with 1% human serum and 1% penicillin-streptomycin (both Sigma-Aldrich, Saint Louis, USA) Cells were cultured for 4 days with the T cell Activation/Expansion Kit (Miltenyi Biotec). For Th0 cell induction recombinant human IL-2 (20 U; Miltenyi Biotech) was added. For Th1 cell induction, recombinant human IL-12 (10 ng/ml; Miltenyi Biotec) and anti-human IL-4 mAb (10 μg/ml; BioLegend) were added. For Th2 cell induction, recombinant human IL-4 (10 ng/ml; PeproTech, Rocky Hill, USA) and anti-human IFNγ mAb (10 μg/ml; BioLegend) were added. For Th9 cell induction, recombinant human IL-4 (10 ng/ml; PeproTech, Rocky Hill, USA), recombinant human TGF-β (5 ng/μl; PAN™-Biotech GmbH, Aidenbach, Germany), and anti-human IFNγ mAb (10 μg/ml; BioLegend) were added. For iT~reg~ cell induction, recombinant human TGF-β (5 ng/μl; PAN™-Biotech GmbH, Aidenbach, Germany) and recombinant human IL-2 (20 U; Miltenyi Biotech) were added as described previously \[[@CR30]\].

Prostaglandin E2 receptor (EP2/EP4) stimulation {#Sec7}
-----------------------------------------------

CD4^+^ T cells were stimulated for 3 days with the EP4 agonist misoprostol, the EP2 agonist butaprost or with prostaglandin E~2~ at a concentration of 1 μM each.

Flow cytometry {#Sec8}
--------------

CD4^+^ T cells were stimulated with PMA (100 ng/ml) and ionomycin (1.5 μM; both Cell Signaling Technology®, Danvers, USA) in the presence of Brefeldin A (eBioscience, San Diego, USA) for 3 h. To exclude dead cells, cells were stained by the LIVE/DEAD™ Fixable Dead Cell Stain Kit (Invitrogen, ThermoFisher Scientific, Carlsbad, USA). For intracellular staining, cells were fixed and made permeable by the BD Cytofix/Cytoperm Kit (BD Bioscience, Heidelberg, Germany) according to the manufacturer's instructions and stained with anti-IL17A, anti-IFN-γ (both affymetrix eBioscience), anti-IL4, anti-IL9, anti-CD127, anti-CD25 (all from BioLegend Inc., San Diego, USA), anti-EP2, anti-EP4 receptor (both Columbia Bioscience, Frederick, USA), and anti-IL23R (ThermoFisher Scientific, Carlsbad, USA). Th17 cells were identified by IL-17A expression in purified CD4^+^CD45RO^+^RA^−^ T cells. For detection of phosphorylated proteins, cells were fixed using the BD PhosFlow Fix Buffer I and made permeable by the BD PhosFlow Permbuffer III (both BD Bioscience, Heidelberg, Germany) according to the manufacturer's instructions. The cells were then stained with anti-STAT3 and anti-pSTAT3 (pY705) antibodies. For staining of FoxO1, cells were fixed by 4% formaldehyde (Carl Roth GmbH, Karlsruhe, Germany) and made permeable by 90% methanol (PanReac AppliChem GmbH, Darmstadt, Germany). Cells were then stained with anti-FoxO1 antibodies. Data were acquired on the Gallios 10/3 flow cytometer (Beckman Coulter, Krefeld, Germany).

Western blot analysis {#Sec9}
---------------------

CD4^+^ cells from AS, RA, PsA, and SLE patients and healthy controls were incubated under Th17 skewing conditions (see the "[Th17 polarization](#Sec5){ref-type="sec"}" section) with misoprostol, butaprost, or prostaglandin E~2~ at a concentration of 1 μM each for 4 days. Cells were lysed with the cell lysis buffer, and protein concentration was established with the BCA Protein Assay Kit (both Cell Signaling Technology®, Danvers, USA). Lysates were run on 4--15% polyacrylamide gels (Bio-Rad Laboratories, Munich, Germany). Blotting was performed with the Trans-Blot® Turbo™ Transfer System (Bio-Rad Laboratories). Proteins were detected with the following antibodies: β2-microglobulin (D8P1H) rabbit mAb, GAPDH (D16H11) rabbit mAb (both Cell Signaling Technology®), EP4 Receptor (c-Term) rabbit pAb (Cayman Chemical, Ann Arbor, USA), and anti-rabbit IgG HRP-linked (Cell Signaling Technology®). Detection was performed using the INTAS ChemoStar software.

Quantitative real-time PCR {#Sec10}
--------------------------

RNA was isolated from CD45RA^+^RO^−^ T cells using the RNeasy Mini Kit and converted into cDNA using the QuantiTectReverse Transcription Kit (both Qiagen, Hilden, Germany). All primers were purchased from Applied Biosystems. All reactions were performed using the 7500 Fast Real-Time PCR System (Applied Biosystems). The values are represented as the difference in C~t~ values normalized to β2-microglobulin for each sample using the following formula: relative RNA expression = (2-^dCt^) ×  10^3^.

Enzyme-linked immunosorbent assay (ELISA) {#Sec11}
-----------------------------------------

ELISA for IL-23, IL-21, IL-6, IL-1β, and TGFβ1 were performed according to the manufacturer's instructions (Invitrogen, ThermoFisher Scientific, Carlsbad, USA).

Statistics {#Sec12}
----------

Statistical analysis was performed using GraphPad Prism. Where indicated, data were analyzed by non-parametric Mann-Whitney, Wilcoxon, Friedman, or Kruskal-Wallis test and are presented as the mean ± SEM. *p* \< 0.05 was considered as statistically significant. Correlation was analyzed using Spearman rank.

Results {#Sec13}
=======

Mononuclear cells were isolated from the peripheral blood of patients with AS and CD4^+^ T cells were purified using MACS technique. EP4 expression and cytokine expression in CD4^+^ T cells were then analyzed ex vivo by flow cytometry. In addition, CD4^+^ T cells were cultured in vitro for 4 days under Th17-skewing conditions. The patient characteristics are summarized in Table [1](#Tab1){ref-type="table"}. In accordance with previous reports, ex vivo flow cytometry analysis revealed that the frequency of Th17 cells is increased in the peripheral blood of patients with AS compared to healthy controls (HC) (*p* = 0.0066, 2.34 ± 0.56% in AS vs. 0.4 ± 0.2% in HC) (Fig. [1](#Fig1){ref-type="fig"}a--c; Additional file [1](#MOESM1){ref-type="media"}: Figure S1a). In addition, the level of *IFNG* is increased in CD4^+^ T cells from AS patients (*p* = 0.0339) (Additional file [1](#MOESM1){ref-type="media"}: Figure S1b). Similar to patients with AS, patients with rheumatoid arthritis (RA) or psoriatic arthritis (PsA) have increased Th17 cell frequencies in the peripheral blood (Fig. [1](#Fig1){ref-type="fig"}c). Ex vivo analysis of EP4 in Th17 cells from patients with AS revealed a significantly higher level of EP4 expression as compared to healthy controls (*p* = 0.0380, 1.12 ± 0.3% in AS vs. 0.34 ± 0.13% in HC) (Fig. [1](#Fig1){ref-type="fig"}d). Interestingly, EP4 expression is not increased ex vivo in Th17 cells from patients with RA or PsA (Fig. [1](#Fig1){ref-type="fig"}d). RA and PsA are both rheumatic autoimmune diseases without any genetic evidence for an association of *PTGER4* with disease susceptibility. To assess prostaglandin E~2~ (PGE~2~) receptor expression on mRNA level, CD45RA^+^RO^−^ naïve CD4^+^ T cells were cultured for 4 days under Th17 skewing conditions. Expression levels of the PGE~2~ receptor genes *PTGER1*, *PTGER2*, *PTGER3,* and *PTGER4* were analyzed by RT-PCR. Compared to *PTGER4*, the expression of *PTGER2* is significantly lower in Th17 cells from patients with AS (Fig. [1](#Fig1){ref-type="fig"}e). *PTGER1* and *PTGER3* are not expressed. The level of *PTGER2* is not elevated in Th17 cells from patients with AS compared to healthy individuals (Additional file [1](#MOESM1){ref-type="media"}: Figure S1c). Flow cytometry analysis of in vitro cultured CD4^+^ T cells confirmed the increase in Th17 cell frequencies in patients with AS or RA (5.03 ± 0.5% in AS vs. 2.4 ± 0.47% in HC, *p* = 0.0027; 9.1 ± 0.98% in RA; Fig. [1](#Fig1){ref-type="fig"}f) and the EP4 receptor overexpression in AS (MFI 13.5 ± 1.5 in AS vs. 8.7 ± 0.45 in HC, *p* = 0.0139; Fig. [1](#Fig1){ref-type="fig"}g). Importantly, the expression of EP4 per cell (mean fluorescence intensity, MFI) and the percentage of EP4-positive cells are both significantly elevated in AS (Fig. [1](#Fig1){ref-type="fig"}g and Additional file [1](#MOESM1){ref-type="media"}: Figure S1d). In contrast, EP2 is elevated in Th17 cells from patients with RA but is not significantly increased in patients with AS (*p* = 0.0129; 14.4 ± 1.3 in RA vs. 9.9 ± 0.97 in HC; 11.6 ± 1.5 in AS; Fig. [1](#Fig1){ref-type="fig"}h). In RA, EP2 expression is increased compared to healthy controls after activation with PGE~2~ or with an EP4 agonist (*p* = 0.0402; Additional file [1](#MOESM1){ref-type="media"}: Figure S1e). In vitro and ex vivo analysis of other CD4^+^ T cell subsets revealed that significant EP4 expression is also found on protein and on mRNA level in Th0, Th1, Th2, Th9, and nTreg or iTreg cells (Additional file [2](#MOESM2){ref-type="media"}: Figure S2a-e). However, in these CD4^+^ T cell subsets, there is no difference in EP4 expression between AS patients and healthy controls. Th17 cells from AS patients are therefore the only CD4^+^ T cell subset with distinct EP4 expression compared to healthy individuals. Furthermore, EP4 is not significantly elevated in these CD4^+^ T cell subsets in patients with RA or PsA compared to healthy controls (Additional file [2](#MOESM2){ref-type="media"}: Figure S2a-d).Table 1Patient characteristicsPatient numberSexAgeDisease duration (years)BASDAIHLA-B27^+^1f3757.5Positive2f45116.4n.d.3f2537.3Positive4f73255.7Positive5m3528.5Positive6f57246.1n.d.7f5097.4Positive8m3287.2Positive9f2876.3Positive10m46129.2n.d.11m2348.2Positive12f2652.6Positive13m3721Negative14f6336.2Positive15m5114n.d.n.d.16m52165.3n.d.17m54141.4n.d.18f4395n.d.19m5330.2Positive20m2420.2PositiveMean ± SEMn/a42.7 ± 3.158.9 ± 1.555.35 ± 0.66n/aBlood samples were obtained from patients with ankylosing spondylitis (AS). Patients were either newly diagnosed with AS or untreated for at least 8 weeks. *n.d.* not determined, *n/a* not applicableFig. 1EP4 is overexpressed in Th17 cells from patients with ankylosing spondylitis. **a**, **b** Representative examples of flow cytometry analysis of EP4 expression. CD4^+^ T cells from the peripheral blood of patients with AS were purified using MACS technique, cultured under Th17-skewing conditions for 4 days and analyzed for the expression of IL-17, IFNγ, and EP4 (histogram: negative control = blue, EP4 expression = red). **c** Ex vivo flow cytometry analysis of Th17 cell frequencies and **d** ex vivo EP4 expression in Th17 cells from healthy controls (HC) and from patients with AS, RA, or PsA (HC *n* = 5, AS *n* = 14, RA *n* = 9, PsA *n* = 5; \**p \<* 0.05, \*\**p* \< 0.01; *p* value calculated using Mann-Whitney test). **e** RT-PCR analysis of PGE~2~ receptor genes in Th17 cells from patients with AS. Th17 cells were generated from naïve CD4^+^CD45RA^+^ T cells under Th17 skewing conditions (*n* = 15; \*\**p \<* 0.01; *p* value calculated using Kruskal-Wallis test). The values are represented as the difference in C~t~ values normalized to β2-microglobulin for each sample using the following formula: relative RNA expression = (2-^dCt^) × 10^3^. **f** Percentage of IL-17-positive CD4^+^ T cells after 4 days of in vitro cell culture under Th17-skewing conditions (HC *n* = 11; AS *n* = 15; RA *n* = 12; \*\**p* \< 0.01,\*\*\**p* \< 0.001; *p* value calculated using Mann-Whitney test). **g** EP4 expression in Th17 cells (HC *n* = 12, AS *n* = 14, RA *n* = 7; \**p \<* 0.05; *p* value calculated using Mann-Whitney test) and **h** EP2 expression in Th17 cells (HC *n* = 11, AS *n* = 13, RA *n* = 15 \**p* \< 0.05, *p* value calculated using Mann-Whitney test) was assessed by flow cytometry in CD4^+^ T cells cultured under Th17-skewing conditions for 4 days. The percentage and the mean fluorescence intensity (MFI) of cells are expressed as mean ± SEM

Our next aim was to reveal the role of EP4 in Th17 cell induction in AS. Therefore, we activated Th17 cells through the EP4 receptor by using the specific agonist misoprostol or by adding PGE~2~. We found that EP4-specific activation significantly drives the differentiation of Th17 cells from patients with AS while the percentage of Th17 cells from healthy controls or patients with RA is not increased by EP4-specific activation (4.9 ± 0.5% without stimulation vs. 7.0 ± 0.8% with an EP4 agonist and 7.8 ± 0.9% with PGE~2~ in AS; *p* = 0.0498 and *p* = 0.0201, respectively; Fig. [2](#Fig2){ref-type="fig"}a, b).Fig. 2Specific activation of EP4 promotes Th17 cell expansion and upregulation of IL23 receptor in ankylosing spondylitis. **a** Representative example of flow cytometric analysis and **b** summary of the results of IL-17 measurement in purified CD4^+^ T cells from healthy controls (HC), patients with AS, and patients with RA after 4 days of in vitro cell culture in the presence of the EP4 agonist misoprostol, PGE~2~, or the EP2 agonist butaprost (HC *n* = 11; AS *n* = 8; RA *n* = 11; \**p* \< 0.05, \*\**p* = \< 0.01, *p* value calculated using Friedman test). **c** RT-PCR analysis of IL23R mRNA expression in CD4^+^ T cells from patients with AS after 3 days of in vitro stimulation with PGE2 or an EP4 or EP2 agonist. Data are shown as relative expression. **d** Flow cytometry analysis of IL-23 receptor expression in IL-17^+^ CD4^+^ T cells from patients with AS after 3 days of in vitro stimulation with an EP4 agonist (\**p* \< 0.05; *p* value calculated using Wilcoxon test) or **e** after 3 days of stimulation with PGE~2~ or an EP2 agonist. **f** Analysis of IL23R expression by RT-PCR and by flow cytometry (**g**) in CD4^+^ T cells from patients with RA, PsA, and SLE after 3 days of in vitro stimulation with PGE~2~ or an EP4 or EP2 agonist. Data are shown as relative expression (RT-PCR: *n* = 6; \**p* \< 0.05, \*\**p* \< 0.01; flow cytometry: RA *n* = 5, PsA *n* = 4, SLE *n* = 3; *p* value was calculated using Friedman test). The percentage of positive cells is expressed as mean ± SEM

To further investigate the mechanisms underlying Th17 cell expansion through EP4 activation, we assessed the expression of interleukin-23 receptor (IL-23R). IL-23R signaling is known to induce pathogenic Th17 cells in autoimmune diseases, while non-pathogenic Th17 cells are induced by TGF-β \[[@CR31]\]. We found that EP4 activation significantly upregulates IL-23R on mRNA level (0.1 ± 0.004 in the control group vs. 0.4 ± 0.03 after stimulation with an EP4 agonist; Fig. [2](#Fig2){ref-type="fig"}c). In addition, IL-23R is upregulated on protein level by an EP4-specific agonist (5.3 ± 1.6% in the control group vs. 8.1 ± 2.0% after stimulation with an EP4-specific agonist; Fig. [2](#Fig2){ref-type="fig"}d and Additional file [3](#MOESM3){ref-type="media"}: Figure S3a). In contrast to EP4, specific activation of EP2 induces no upregulation of IL-23R (Fig. [2](#Fig2){ref-type="fig"}e). In PsA, prostaglandin receptor stimulation has no influence on IL-23R expression on mRNA level or protein level (Fig. [2](#Fig2){ref-type="fig"}f, g). In RA, *IL23R* is upregulated on mRNA level but not on protein level by the EP2-specific agonist butaprost, while *IL23R* mRNA is decreased in systemic lupus erythematosus (SLE) by activation of EP2 or EP4 (Fig. [2](#Fig2){ref-type="fig"}f, g). In the next step, we assessed FoxO1 expression, as IL-23R expression is regulated by FoxO1, an inhibitor of RORγt \[[@CR32]\]. We found a significant decrease in FoxO1 expression on mRNA level and on protein level after incubation of Th17 cells with an EP4 agonist, indicating a possible mechanism of action of EP4 receptor signaling (*p* = 0.0084, 24.4 ± 11.96 in the control group vs. 1.25 ± 0.32 after stimulation with an EP4 agonist and *p* = 0.0457, 8.7 ± 1.7 in the control group vs. 3.6 ± 0.5 after stimulation with an EP4 agonist, respectively; Fig. [3](#Fig3){ref-type="fig"}a, b). In contrast, STAT3, an important regulator of RORγt, is not significantly influenced by EP4 activation (Fig. [3](#Fig3){ref-type="fig"}c, d). However, phosphorylated STAT3 (pSTAT3) is significantly increased upon EP4-specific stimulation with the EP4 agonist misoprostol but not with an EP2-specific agonist or by PGE~2~ (*p* = 0.0029, 2.9 ± 0.82 in the control group vs. 9.31 ± 1.10 after stimulation with an EP4 agonist; Fig. [3](#Fig3){ref-type="fig"}e). Importantly, EP4-specific activation increases EP4 expression in a positive feedback loop in Th17 cells from patients with AS (*p* = 0.0058, 2.4 ± 0.1 in the control group vs. 3.8 ± 0.6 after EP4 stimulation and *p* = 0.0313, 1.05 ± 0.13 in the control group vs. 5.83 ± 1.20 after EP4 stimulation, respectively; Fig. [3](#Fig3){ref-type="fig"}f, g and Additional file [3](#MOESM3){ref-type="media"}: Figure S3b). This feedback loop is not observed in other rheumatic autoimmune diseases (RA, PsA, SLE) (Additional file [3](#MOESM3){ref-type="media"}: Figure S3c). To verify if EP4 stimulation has an influence on Th17-related cytokines, we analyzed IL-1β, IL-6, IL-21, IL-23, and TGFβ concentrations by ELISA in the supernatant of EP4-activated CD4^+^ T cells from patients with AS and found that EP4 activation has no influence on cytokine concentrations (Fig. [3](#Fig3){ref-type="fig"}h). Furthermore, there are no significant differences in cytokine expression on mRNA level after EP4-specific activation, while PGE~2~ enhances IL-1β and IL-23 mRNA expression (Additional file [4](#MOESM4){ref-type="media"}: Figure S4a). To exclude the possibility that EP4 upregulation in Th17 cells is induced by cell activation, we incubated Th17 cells from healthy individuals with various concentrations of anti-CD3 antibodies, with a combination of anti-CD2, anti-CD3, and anti-CD28 antibodies and with PMA/ionomycin. These experiments revealed that activation of T cells has no influence on EP4 expression (Additional file [4](#MOESM4){ref-type="media"}: Figure S4b).Fig. 3EP4 inhibits FoxO1, enhances Stat3 phosphorylation, and is upregulated in a positive feedback loop. **a** RT-PCR and **b** flow cytometric analysis of FoxO1 in CD4^+^ T cells from patients with AS after 3 days of in vitro stimulation with PGE2 or an EP4 or EP2 agonist (*n* = 10 for RT-PCR, *n* = 6 for flow cytometric analysis¸ \**p* \< 0.05, \*\**p* \< 0.01; *p* value calculated using Friedman test). **c** RT-PCR analysis of *STAT3* in CD4^+^ T cells from patients with AS after 3 days of in vitro stimulation with PGE~2~ or an EP4 or EP2 agonist (*n* = 10). **d** Flow cytometric analysis of STAT3 and **e** pSTAT3 expression in IL17^+^CD4^+^ T cells from patients with AS after 3 days of in vitro stimulation with PGE~2~ or an EP4 or EP2 agonist (*n* = 7, \**p* \< 0.05; *p* value calculated using Friedman test). **f** EP4 upregulation in IL17^+^CD4^+^ T cells from patients with AS and from HC after 3 days of in vitro stimulation with PGE~2~ or an EP4 or EP2 agonist. Protein quantification of western blot analysis is shown and was performed using the LabImage software (*n* ≥ 3, *\*p* \< 0.05 calculated using Wilcoxon test). **g** Flow cytometry analysis of EP4 expression in IL17^+^CD4^+^ T cells from patients with AS. **h** Cell culture supernatants from CD4^+^ T cells from patients with AS were collected after 3 days of stimulation with PGE~2~ or an EP4 or EP2 agonist and analyzed by ELISA for the secretion of cytokines (*n* = 6, \**p* \< 0.05, \*\**p* \< 0.01, *p* value calculated using Friedman test). Data are shown as mean ± SEM

In order to verify if EP4 expression correlates with disease activity, we assessed the Bath Ankylosing Spondylitis Disease Activity Index (BASDAI) score of each patient. A BASDAI score ≥ 4 is defined as high disease activity. We found that Th17 cells from patients with high disease activity express higher amounts of EP4, as shown by increased mean fluorescence intensity as well as by the percentage of EP4-positive cells (Fig. [4](#Fig4){ref-type="fig"}a and Additional file [4](#MOESM4){ref-type="media"}: Figure S4c). In contrast, EP4 expression in Th17 cells from patients with low disease activity does not differ from healthy controls (MFI 15.5 ± 1.8 in patients with BASDAI ≥ 4 vs. 8.5 ± 1.5 in patients with BASDAI \< 4, *p* = 0.036 and 8.8 ± 0.5 in healthy controls; *p* = 0.005, respectively; Fig. [4](#Fig4){ref-type="fig"}a and Additional file [4](#MOESM4){ref-type="media"}: Figure S4c). A significant difference in EP4 expression between healthy controls and patients with high disease activity was also observed on mRNA level (*p* = 0.0041; Fig. [4](#Fig4){ref-type="fig"}b). While patients with high disease activity have significantly higher numbers of circulating Th17 cells in the peripheral blood compared to healthy controls, the frequency of Th17 cells is not useful to discriminate between patients with low disease activity and patients with high disease activity (*p* = 0.0276; Fig. [4](#Fig4){ref-type="fig"}c). However, the level of EP4 expression in Th17 cells seems to be very useful to distinguish between both groups of patients as the level of EP4 strongly correlates with disease activity measured by BASDAI score (*r* = 0.7437 *p* = 0.0032; MFI is shown in Fig. [4](#Fig4){ref-type="fig"}d, the percentage of positive cells is shown in Additional file [4](#MOESM4){ref-type="media"}: Figure S4d, e). Importantly, a strong correlation between BASDAI and EP4 is found in both, in vitro and ex vivo analyzed Th17 cells (Additional file [4](#MOESM4){ref-type="media"}: Figure S4d, e). In contrast, the frequency of Th17 cells in the peripheral blood does not correlate with EP4 expression (*r* = − 0.2615, *p* = 0.3656; Fig. [4](#Fig4){ref-type="fig"}e) or with the BASDAI score (*r* = 0.02200, *p* = 0.9405; Fig. [4](#Fig4){ref-type="fig"}f). Furthermore, there is no correlation between EP4 expression and disease duration or age of the patients (Fig. [4](#Fig4){ref-type="fig"}g, h) and no association with sex (Fig. [4](#Fig4){ref-type="fig"}i).Fig. 4EP4 expression in Th17 cells is associated with high disease activity in AS. **a** EP4 expression levels in AS patients with low or high BASDAI values. EP4 expression was analyzed by flow cytometry in IL-17^+^ purified CD4^+^ T cells after 4 days of in vitro cell culture and is presented as MFI. **b** *PTGER4* expression in patients with low or high BASDAI values. *PTGER4* expression was assessed by RT-PCR. Th17 cells were induced in vitro for 4 days from naïve CD4^+^CD45RA^+^ T cells under Th17-skewing conditions. **c** IL-17 expression in AS patients with low or high BASDAI values. Cells were analyzed by flow cytometry. The percentage of positive cells is shown. **d** Correlation between BASDAI and EP4 expression in Th17 cells, **e** between EP4 and IL-17 expression, **f** between BASDAI and IL-17 expression as well as correlation of EP4 with **g** disease duration, **h** age of patients and **i** sex (same cells as in Fig. [1](#Fig1){ref-type="fig"}f were used). Spearman *r* correlation and Mann-Whitney test were used to determine the significance

Discussion {#Sec14}
==========

The implementation of disease activity assessment scores has revolutionized the evaluation of treatment response in AS. In 1994, the Bath Ankylosing Spondylitis Functional Index (BASFI) and the BASDAI were developed at the Royal National Hospital for Rheumatic Diseases in Bath, UK \[[@CR33], [@CR34]\]. To obtain a better instrument for the assessment of disease activity, the Assessment of SpondyloArthritis international Society (ASAS) developed a new score containing laboratory parameters \[[@CR35]\]. The Ankylosing Spondylitis Disease Activity Score (ASDAS) includes the C reactive protein (CRP) or the erythrocyte sedimentation rate (ESR) or both to discriminate between high and low disease activity \[[@CR35], [@CR36]\]. Elevated CRP or ESR is present in about 40--50% of patients with AS \[[@CR37]\]. Importantly, CRP and ESR can be elevated under various conditions and are not specific for AS. Therefore, there is an unmet need for additional biomarkers that reflect disease activity in AS. Laboratory parameters that have been associated with disease severity include IL-6, IL-17, and the matrix metalloproteinase (MMP) profile \[[@CR12], [@CR38], [@CR39]\]. Here we report that EP4 expression levels in Th17 cells can be used to discriminate between patients with high and low disease activity. Importantly, elevated levels of EP4 are found in patients with AS but not in patients with RA. Therefore, EP4 expression in Th17 cells might be a more specific biomarker for disease activity in AS and could help to improve assessment of treatment response by laboratory parameters, e.g., in clinical trials.

Our findings reveal that EP4 is selectively increased in Th17 cells from patients with AS, thereby providing a possible explanation for the association between *PTGER4* gene variants and AS susceptibility. Although the odds ratio for each of the *PTGER4* risk alleles is low, the accumulation of five risk alleles within one gene region points towards an implication of EP4 in the pathogenesis of AS. The odds ratios of the risk alleles might add to an increased overall association between EP4 and AS. In addition, the association might be further enhanced by epigenetic factors, as shown by epigenetic fine-mapping of autoimmune disease-associated enhancer RNA (eRNA) located near the *PTGER4* gene \[[@CR40]\]. *PTGER4* might also contribute to the pathogenesis of AS by increasing osteoblastic activity and bone formation \[[@CR41]--[@CR43]\]. Importantly, we did not observe significantly increased EP4 expression levels in Th17 cells from patients with RA, a rheumatic disease without an association with *PTGER4* gene variants. The level of ex vivo EP4 expression is similar or even significantly higher in other CD4^+^ T cell subsets from patients with AS. However, Th17 cells are the only CD4^+^ T cell subsets with a higher expression of EP4 compared to healthy controls. This points towards a possible pathogenic role of EP4 in Th17 cells, while it seems to have physiological roles in other CD4^+^ T cell subsets.

We show that PGE~2~-induced Th17 cell development is mainly mediated through EP4 and not through EP2 in AS. This unique role of EP4 can be explained by different signaling pathways of EP2 and EP4. While the receptors share the cAMP pathway, EP4 signaling additionally activates PI3K/AKT, a pathway that controls Th17 cell differentiation \[[@CR44]--[@CR48]\] (Fig. [5](#Fig5){ref-type="fig"}). It has been shown that PI3K/AKT inhibits FoxO1 \[[@CR49]\]. Remarkably, as we have observed, FoxO1 expression is reduced after EP4-specific activation (Fig. [3](#Fig3){ref-type="fig"}a). As they activate different signaling pathways, EP2 and EP4 receptors have at least in part distinct functions in immune inflammation. EP4 signaling promotes IL-23 production by dendritic cells, while EP2 activation suppresses IL-23 production \[[@CR50]\]. Moreover, EP2 and EP4 differentially regulate IL-17A and IL-17F secretion by Th17 cells \[[@CR51]\]. Interestingly, PGE~2~ levels are increased in the peripheral blood of patients with high disease activity but not in the blood of patients with low disease activity \[[@CR52]\]. Compared to AS, EP4 plays a less significant role in Th17 cell induction in RA (Additional file [2](#MOESM2){ref-type="media"}: Figure S2b). The findings are consistent with clinical observations showing a less important role for Th17 cells and a smaller therapeutic effect of anti-IL-17A targeting therapies in RA, resulting in FDA approval of anti-IL-17A antibodies for the treatment of AS but not for the treatment of RA \[[@CR7]\]. The significant lower amount of EP4 in several CD4^+^ T cell subsets from patients with RA and PsA suggests that EP4-mediated Th17 cell expansion could be a disease-specific mechanism in the pathogenesis of AS.Fig. 5Model of EP4 involvement in the generation of pathogenic Th17 cells in AS. PGE~2~ binds to the EP4 receptor and inhibits FoxO1 expression in Th17 cells. As a result, the IL-23 receptor (IL-23R) is upregulated. Activation of IL-23 receptor leads to Th17 cell accumulation and to an upregulation of EP4 in a positive feedback loop. The figure was adapted from Rundhaug et al. \[[@CR45]\]

Our results show a strong correlation between the level of EP4 expression in Th17 cells and disease activity in patients with AS. As reported before by several other studies, we observed that the frequency of Th17 cells in the peripheral blood is elevated in patients with AS \[[@CR11], [@CR13]--[@CR15]\]. However, we found no direct correlation between Th17 cell frequencies and disease activity as defined by the BASDAI score. A lack of correlation has been previously reported by some research groups \[[@CR11], [@CR15], [@CR52]\]. In contrast, other researchers found a correlation between BASDAI scores and Th17 cell frequencies or IL-17 levels in the serum \[[@CR13], [@CR18]\]. The discrepancies between these reports could be explained by the fact that the amount of Th17 cells does not necessarily correlate with IL-17 concentration, since the activity of Th17 cells may differ between subjects. Moreover, IL-17 secretion is not restricted to Th17 cells and is also found in γδ T cells, natural killer cells, or lymphoid tissue inducer cells (LTi) \[[@CR53]\]. In the facet joints of patients with spondyloarthritis, neutrophils and mast cells have been identified as additional sources of IL-17 \[[@CR54]\]. While the level of IL-17 is therefore not useful as a surrogate marker for disease activity in AS, we suggest that the level of EP4 expression in Th17 cells could be used as a surrogate marker to discriminate between high and low disease activity. The assessment of EP4 might be helpful to obtain additional objective information on disease activity in clinical trials. Interestingly, no correlation is found between IL-17A and EP4. This can be explained by the fact that various factors have an influence on IL-17A production and on the generation of IL-17A-positive cells. Besides PGE~2~, the cytokines IL-1b, IL-6, IL-21, IL-23, and TGFβ, as well as a dietary salt intake, fatty acids, or microbiota can affect IL-17A expression \[[@CR55]--[@CR57]\]. These multiple variables might lead to a lack of correlation between IL-17A and EP4.

Th17 cell frequencies are increased in the peripheral blood of patients with AS \[[@CR11], [@CR13]--[@CR15]\]. Our data suggest that EP4 promotes Th17 cell accumulation through upregulation of the interleukin-23 receptor (IL-23R). These findings are in line with previous observations in Th17-mediated autoimmune inflammation of the skin \[[@CR25]\]. IL-23 is known to be implicated in the maintenance of the Th17 lineage \[[@CR58]\]. In T cells from patients with AS, the expression levels of IL-23-regulated miRNAs are elevated \[[@CR59]\]. In recent years, IL-23-targeting antibodies have been evaluated for the treatment of AS \[[@CR60], [@CR61]\]. Blocking IL-23 in combination with IL-12 has been found to be an efficient treatment for AS, while blocking IL-23 alone is inefficient \[[@CR60], [@CR61]\]. Therefore, additional treatment targets are required. EP4 could represent a promising target to inhibit Th17 cell development in AS. Specific EP4 antagonists have been developed and their efficiency to inhibit Th17 cells has been tested in vitro \[[@CR62]--[@CR64]\]. Selective inhibition of EP4 could represent a promising strategy to reduce Th17 cell frequencies and disease activity in AS.

Conclusions {#Sec15}
===========

Our findings suggest that EP4 is implicated in the pathogenic accumulation of Th17 cells in AS and might be a potential target for new experimental treatments aiming to reduce Th17 cell activity. EP4 is significantly overexpressed in Th17 cells from patients with AS compared to healthy individuals or patients with RA. EP4-specific activation expands the Th17 cell population in vitro. Moreover, specific stimulation of EP4 induces an upregulation of IL-23R on Th17 cells, inhibits FoxO1 expression, and enhances STAT3 phosphorylation. The expression level of EP4 in ex vivo analyzed and in vitro cultured Th17 cells from patients with AS highly correlates with the BASDAI score, thereby representing a potential marker of disease activity in AS.
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Additional file 1:**Figure S1.** Analysis of EP2 and EP4 expression in T cell subtypes. (a) Representative example of flow cytometric analysis of IL-17 and IFNγ expression in CD4^+^ T cells from patients with AS after 4 days of in vitro cell culture under Th17-skewing conditions. (b) The same cells were analyzed by RT-PCR for *IFNG* (*n* = 13 in AS and HC; \**p* \< 0.05) and (c) *PTGER2* expression (HC *n* = 16, AS *n* = 14; n.s.). Healthy individuals served as controls (HC). (d) The percentage of EP4-positive cells was assessed by flow cytometry (HC *n* = 12; AS *n* = 14; RA *n* = 8; \**p* \< 0.05). (e) Th17 cells from patients with RA and healthy controls were stimulated with the EP4 agonist misoprostol, prostaglandin E~2~ (PGE~2~), or the EP2 agonist butaprost for 3 days, and EP2 expression was analyzed by flow cytometry (*n* = 16; \**p* \< 0.05). Data are shown as mean ± SEM. Mann-Whitney test was used to determine the significance. (PDF 73 kb) Additional file 2:**Figure S2.** EP4 is not overexpressed in other CD4^+^ T cell subsets. (a) Ex vivo analysis of human CD4^+^ T cell subsets and (b) EP4 expression (HC *n* ≥ 6, AS *n* = 17, RA *n* ≥ 9, PsA *n* ≥ 6; \**p* = 0.05, *p* value calculated using Mann-Whitney test). (c) Cytokine expression and (d) EP4 expression in induced CD4^+^ T cell subsets after 4 days of in vitro cell culture. Th0, Th1, Th2, Th9, and iT~reg~ cells were induced from naïve CD4^+^ CD45RA^+^ CD45RO^−^ T cells (AS *n* = 8, RA *n* ≥ 4, PsA *n* = 6). (e) Relative expression of PGE~2~ receptor genes was assessed by RT-PCR (*n* = 3, *p* value calculated using Kruskal-Wallis test). Data are shown as mean ± SEM. (PDF 105 kb) Additional file 3:**Figure S3.** EP4 is not upregulated in a positive feedback loop in other rheumatic autoimmune diseases. (a) Representative flow cytometric analysis of IL-23R expression in in vitro cultured Th17 cells from patients with AS. Th17 cells were stimulated for 3 days with the EP4 agonist misoprostol. (b) In vitro cultured Th17 cells were lysed and analyzed for their expression of EP4 by western blot. Th17 cells were stimulated for 3 days with an EP4 agonist, an EP2 agonist, or PGE~2.~ One representative experiment is shown. (PDF 787 kb) Additional file 4:**Figure S4.** Effects of PGE~2~ receptor stimulation and correlation of EP4 with disease activity. (a) RT-PCR analysis of the of *IL1B*, *IL6*, *IL21*, *IL23*, and *TGFB* genes in patients with AS after stimulation with the EP4 agonist misoprostol, PGE~2~, or the EP2 agonist butaprost for 3 days. Data are shown as relative expression (*n* = 7; *p* value calculated using Friedman test). (b) Purified CD4^+^ T cells were activated with anti-CD3 antibodies in different concentrations (1.5 μg, 5 μg, 7.5 μg) or anti-CD2/anti-CD3/anti-CD28 antibodies for 4 days or with ionomycin and PMA for 8 h and EP4 expression in IL-17^+^ CD4^+^ T cells was assessed by flow cytometry (*n* = 2). (c) Comparison of EP4 expression levels in patients with low and high BASDAI values. EP4 expression was assessed by flow cytometry in purified CD4^+^ T cells after 4 days of in vitro cell culture and is shown as percentage of positive cells (\*\**p* = 0.01, \*\*\**p* = 0.001; *p* value calculated using Mann-Whitney test). (d) Correlation between BASDAI and EP4 expression in in vitro cultured Th17 cells from patients with AS (*n* = 14; *r* = 0.7591, *p* = 0.0024). (e) Correlation of BASDAI and ex vivo EP4 expression in Th17 cells from patients with AS (*n* = 13; *r* = 0.6833, *p* = 0.0122). Data are shown as mean ± SEM. Spearman *r* correlation and Mann-Whitney test were used to determine the significance. (PDF 104 kb)
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